We perform a comprehensive analysis of the role of nonperturbative (or intrinsic) charm in the nucleon, generated through Fock state expansions of the nucleon wave function involving fivequark virtual states represented by charmed mesons and baryons. We consider contributions from a variety of charmed meson-baryon states and find surprisingly dominant effects from theD * 0 Λ + c configuration. Particular attention is paid to the existence and persistence of high-x structure for intrinsic charm, and the x dependence of the c −c asymmetry predicted in meson-baryon models. We discuss how studies of charmed baryons and mesons in hadronic reactions can be used to constrain models, and outline future measurements that could further illuminate the intrinsic charm component of the nucleon.
I. INTRODUCTION
Charm in the nucleon can be produced in two fundamentally distinct processes. In the first, commonly referred to as "extrinsic charm", charm-anticharm pairs arise through gluon radiation. This perturbative process involving gluon radiation is a significant feature of QCD evolution. Charm arising in this way is concentrated at very low parton momentum fraction x, and with increasing Q 2 one expects to see progressively more charm being produced. Extrinsic charm production ensures essentially identical distributions of charm and anticharm [1] .
A second source of charm is called "intrinsic charm." This source of charm arises through nonperturbative fluctuations of the nucleon state to four quark-one antiquark states. Compared with extrinsic charm, intrinsic charm has two rather striking features. First, intrinsic charm tends to be "valence-like," i.e., it is produced at relatively large x; second, it is not unusual for intrinsic charm and anticharm to be unequal.
The first calculation of intrinsic charm was made by Brodsky, Hoyer, Peterson and Sakai (BHPS) [2] . They noticed that the first direct measurements of charm production [3] [4] [5] [6] were larger than could be accounted for by contemporary calculations of extrinsic charm, and were also more concentrated at relatively large values of Feynman x F . BHPS suggested adding in addition to extrinsic charm an "intrinsic" component arising from fluctuations of the nucleon to four quark-one antiquark states. By assuming that the mass of the charm quark in the five-quark configuration was much greater than all other masses and transverse momenta, the distribution of intrinsic charm in x could be computed analytically, with only the overall normalization a free parameter. Although the BHPS ansatz is rather simplistic, it does provide a convenient benchmark for comparing with estimates of charm and anticharm probabilities in more sophisticated treatments. We will review the BHPS formalism in more detail in Sec. II A.
In the intervening years there have also been a number of theoretical calculations of intrinsic charm using various models for production of four quark-one antiquark states [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In contrast to the BHPS philosophy, a more dynamical type of model for producing intrinsic quark distributions is based on a two-step approach, in which one considers quark- Such models are also referred to as "meson-baryon" models, since one is computing Fock states where a baryon fluctuates to another baryon plus a meson. (These models are also sometimes referred to as "meson-cloud" or "convolution" models, motivated by the SU (2) fluctuation of a proton into a nucleon plus a diffuse "cloud" of nearly massless pions that exist primarily outside a compact baryon core. Of course, the "cloud" analogy is less appropriate for fluctuations to particles containing heavy quarks). A pedagogical review of some of these models was given recently by Pumplin [21] .
Since the initial experimental measurements of charm production that inspired the BHPS work, substantial additional experimental data on charm production in high-energy reactions have been collected. Large-x measurements of charm production were carried out by the European Muon Collaboration (EMC) [24] at CERN, and the charm structure function F c 2 was measured at small x by the H1 [25] and ZEUS [26] Collaborations at HERA. The HERA measurements probe primarily the region where the perturbative extrinsic charm dominates, while the EMC experiment was more sensitive to nonperturbative intrinsic charm.
Despite a number of dedicated theoretical analyses, the magnitude of the intrinsic charm component of the nucleon, which was expected from the early analyses to be of the order of 1%, is still inconclusive. In leptoproduction, the dominant mechanism for perturbative generation of charm is the photon-gluon fusion process. Hoffman and Moore [8] considered
The most detailed study of intrinsic charm within a global QCD analysis of parton distribution functions (PDFs) was made by Pumplin, Lai and Tung [22] , using models for intrinsic charm from Ref. [21] , and recently updated by Dulat et al. [23] to include next-to-next-to leading (NNLO) order α s corrections. Depending on the intrinsic charm model used, they found that the high-energy data could accommodate up to about 2% of intrinsic charm without serious disagreement with the high-energy data. On the other hand, the analyses of Refs. [22, 23] did not include the original EMC data [24] that suggested an enhancement in F c 2 at large x. In fact, since there is some tension between the EMC and HERA data at small values of x, typically global PDF analyses omit the EMC data and fit the more extensive HERA data in terms of perturbative contributions alone [27, 28] .
Clearly, additional data are needed for a more definitive determination of the role of intrinsic charm in the nucleon, especially at large x, and several new charm production experiments that have been proposed recently may shed light on the dynamical origin of nonperturbative charm. Studies of DN and J/ψ N interactions, charmed baryon spectroscopy and charmed nuclei will be possible, for example, at the J-PARC facility in Japan [29] , with its primary proton and secondary pion beams, while proton and antiproton beams can be used to study open charm production at GSI-FAIR in Germany [30] . Near threshold J/ψ photoproduction at Jefferson Lab, following its 12 GeV upgrade, would allow gluon generalized parton distributions to be explored, in addition to the A dependence of the J/ψ-nucleon cross section [31, 32] . For the proposed AFTER@CERN fixed-target facility [33] , charmed meson production has been suggested as a means of tagging the gluon distribution at large x, which requires understanding of competing contributions from charm quarks at similar kinematics. Finally, a future Electron-Ion Collider [34] [35] [36] would provide opportunities to access charm in the nucleon in the large-x region.
Anticipating these future experimental efforts, and in view of the somewhat conflicting results from the previous phenomenological studies, it is therefore timely to revisit the problem of intrinsic charm using the latest available theoretical techniques and models for calculating F c 2 . In this paper we undertake a comprehensive and critical analysis of nonperturbative models of charm in the nucleon, with the aim of obtaining a more robust understanding of both the magnitude and shape of the intrinsic charm distribution. We begin by reviewing in Sec. II the simple five-quark models of the nucleon introduced by BHPS [2] and Pumplin [21] . In Sec. III, we discuss the more dynamical meson-baryon models for heavy quark generation, which are constrained by coupled-channel analyses of baryon-baryon scattering [37] [38] [39] [40] . These were initially used to describe nucleon-nucleon scattering, then were applied to the strange sector, and have since been extended to the regime of charm. We summarize the assumptions made in the extensions into the strange and charmed sectors, and outline the experimental data that fix the coupling constants and cutoff parameters for such potentials. We compare the meson-baryon model calculations with hadronic data on production of charmed baryons from the R608 Collaboration at the ISR [41] , which measured inclusive Λ c production in pp collisions. We also examine charge asymmetries in Λ c production from proton beams which has been measured recently by the SELEX Collaboration [42] .
The basic ingredients of the meson-baryon models, namely, the proton → meson + baryon splitting functions and the charm quark distributions in the charmed D mesons and baryons, are derived in Secs. IV and V, respectively. The resulting convolutions of these distributions are presented in Sec. VI, where we compare various prescriptions for the regularization of the momentum integrals, and different approximations for the distributions in the charmed hadrons. We also confront the models with data on the charm structure function F c 2 (x), in particular with the EMC data [24] which measured charm at large x, and in addition the very precise HERA data from the H1 and ZEUS Collaborations [25, 26] , which is sensitive to charm in the low-x region. Finally, in Sec. VII we summarize our results, and discuss possibilities for the measurements of charmed observables at current and future facilities. Additional technical details of the derivations of the meson-baryon splitting functions and the charm quark distributions in charmed hadrons are given in Appendix A and B, respectively, and simple parametrizations of the calculated c andc distributions in the nucleon are provided in Appendix C.
II. FIVE-QUARK MODELS OF NUCLEON STRUCTURE
In this section we review models of intrinsic charm based on particular five-quark Fock state components of the nucleon wave function. We will focus on models that describe the process by which a nucleon initially containing three light valence quarks transitions to a four quark plus one antiquark state containing a charm-anticharm quark pair.
A. The BHPS model
The simplest model for producing intrinsic charm was proposed over 30 years ago by BHPS [2] . In the infinite momentum frame (IMF) the transition probability for a proton with mass M to make a transition p → uudcc (or to a five-quark state containing any heavy quark pair) involves an energy denominator that can be expressed in terms of the masses m i and momentum fractions x i of the constituents,
Here, k ⊥i is the transverse momentum of quark i, and the heavy quarks in the cc pair are assigned indices 4 and 5.
For simplicity, the BHPS calculation assumed a point coupling for the cc production vertex, and neglected the effect of transverse momentum in the five-quark transition amplitudes. With the additional assumption that the charm mass is much greater than the nucleon and light quark masses, the probability for producing a single charm quark can be derived analytically,
with the normalization N fixed by the overall charm quark probability in the proton.
Using the analytic expression (2) one obtains a "valence-like" charm quark distribution that is significant for 0.1 ≤ x 5 ≤ 0.5. The valence-like shape arises from the structure of the energy denominator in Eq. (1), which for large quark masses m i favors configurations with large momentum fractions x i . This feature is common to all similar five-quark models and invariably results in a valence-like heavy quark distribution.
It is also possible to compute the charm quark probability numerically without assuming that the charm quark mass is much greater than all other masses. With realistic masses, the charm quark distribution turns out to be similar to the analytic form of Eq. (2). Note also that since the charm and anticharm probabilities enter Eq. (1) symmetrically, the charm production mechanism in this model will produce equal probabilities for c andc. Although the BHPS model is rather simplistic, it nevertheless provides a useful reference point of comparison to test intrinsic charm and anticharm distributions obtained from other prescriptions.
B. Scalar five-quark model
In a detailed study of intrinsic heavy quark probabilities, Pumplin [21] considered a series of models for the Fock space wave function on the light-front for a proton to make a transition to a four quark plus one antiquark system, with the heavypair composed of either charm or bottom quarks. A simplified case was studied where a point scalar particle of mass m 0 couples with strength g to N scalar particles with masses m 1 , m 2 , . . . , m N . The light-front Fock space probability density dP for such a process then takes the form [21] 
where
j /x j , and the form factor F (s) serves to suppress contributions from high-mass states. If one neglects the effects of transverse momentum and the factors of 1/x j in Eq. (3), and assumes a point form factor F (s) = 1, then in the limit that the charm mass is much larger than all other masses one recovers the distribution in the BHPS model [2] .
To incorporate the effects of the finite size of the nucleon, Pumplin considered both an exponential form factor,
and a power-law suppression factor,
with Λ a cutoff mass regulator. Fixing the overall normalization to be a constant, the resulting shape of the charm quark momentum distribution with the power-law suppression, for a reasonable choice of n = 4, turns out to be softer than the BHPS prediction for a range of cutoffs, Λ = 2 − 10 GeV [21] . For the exponential suppression, the shape depends somewhat more strongly on the cutoff parameter, with the distribution being harder than the BHPS result for smaller Λ values and softer for larger Λ. All of the resulting charm distributions are valence-like, however, with significant tails even beyond x ≈ 0.4.
While the simple five-quark models give some qualitative insights into the possible generation of intrinsic charm at large x, they retain a high degree of dependence on the model parameters, whose connection with the underlying QCD theory is not clear. Furthermore, it is also not obvious how one could constrain the parameters phenomenologically by comparing deep-inelastic scattering with other observables, for instance. In the next section we discuss an alternative approach which may offer greater promise for relating intrinsic charm distributions to inputs determined from independent reactions.
III. MESON-BARYON MODELS FOR INTRINSIC CHARM
A hybrid class of intrinsic charm models that involves both quark and hadron degrees of freedom, and makes some unique and testable predictions for the c andc distributions in the nucleon, are meson-baryon models. Such models attempt to quantify the fluctuations of the nucleon to states with a virtual meson M plus baryon B,
where |N 0 is the "bare", three-quark nucleon state, and Z 2 is the wave function renormal-
gives the probability amplitude for the physical nucleon to be in a state consisting of a virtual meson M with longitudinal momentum fraction y and transverse momentum k ⊥ , and a baryon B with longitudinal momentum fraction 1 − y and transverse momentum −k ⊥ . The total invariant mass squared of the meson-baryon system s M B can be written in the IMF as
where m M and M B are the meson and baryon masses, respectively. If the meson-baryon terms include states containing charm quarks, the resulting probability distributions for anticharm and charm quarks in the nucleon can be written in the form of convolutions,
whereȳ ≡ 1−y, and for ease of notation we have omitted the dependence of the distributions on the scale Q 2 .
In analogy with the quark-gluon splitting functions of perturbative QCD, in Eqs. 
The splitting functions in Eqs. (8) are related to the probability amplitudes φ M B by
where the reciprocity relation in the second equality arises from the conservation of threemomentum at the MBN vertex [43] [44] [45] [46] [47] . It can be shown to be satisfied explicitly in the infinite momentum frame (or on the light-front), but is violated in covariant calculations [44] [45] [46] [47] [48] in the presence of MBN form factors (or other ultraviolet regulators) which do not exhibit the y ↔ȳ symmetry of the amplitudes φ M B [49] .
The convolution equations (8) allow the symmetries of the splitting functions to be represented in terms of moments of the parton distributions C (n) and C (n) , defined as
where 
which reflects global charge conservation, while conservation of momentum implies that the momentum fractions y M B ≡ F
M B and y BM ≡ F (1) BM are related by
In contrast to the five-quark models discussed in Sec. II, in which the x dependence of the c andc distributions was identical, in the MBM the distributions of heavy quarks and antiquarks in the nucleon are generally expected to be different. Indeed, since the c in the baryon andc in the meson reside in rather different local environments, an asymmetry c(x) =c(x) is almost unavoidable. Of course, since the proton has no net charm, the lowest moments of c andc must cancel; however, all higher moments will be nonzero,
Whenever Eq. (13) is satisfied, this will guarantee that the proton has no net charm.
Because quarks and antiquarks possess opposite intrinsic parities, parity conservation will require that the quark wave functions respect overall parity conservation. For example if the initial proton state is treated as three constituent (uud) quarks in S-wave orbitals and a cc pair is added, then if one of the charm quarks is placed in an S state the other needs to be in an odd-parity state. In the MBM, this behavior is accommodated provided one uses physical vertices that correctly account for the spin degrees of freedom of the relevant fields. Models that treat quarks as scalar point-like particles, for example, will generally not satisfy these constraints [21, 22] .
In the present analysis, we consider various meson-baryon states containing charm quarks that could contribute to the intrinsic charm in the proton, as summarized in Table I . These include the SU(4) octet isoscalar Λ c and isovector Σ c baryons, and the decuplet Σ * c , while for the mesons, the pseudoscalar D and vector D * mesons are included. In addition, the state involving a proton fluctuation to p + J/ψ, where both the c andc reside in the J/ψ, was considered in Ref. [21] . Although this has a combined mass which is actually lower than all the other charmed meson-baryon configurations, its contribution should be strongly suppressed by the OZI rule.
In the following section the splitting functions f M B (y) for the various configurations in Table I will be presented, with details of the derivations given in Appendix A. To constrain the model parameters in the calculations, namely, the hadronic couplings and form fac- 
tor cutoffs, we use phenomenological input from DN andDN scattering analyses [37] [38] [39] [40] , together with inclusive charmed baryon production data in pp collisions.
IV. CHARMED MESON-BARYON SPLITTING FUNCTIONS
For a given meson-baryon state MB, the splitting function can be evaluated as in Eq. (10) in terms of an integral over the transverse momentum of the square of the probability amplitude φ BM (y, k 2 ⊥ ) which was defined in Eq. (6) . To compute the probability amplitudes we use time-ordered perturbation theory, characterized by a particular choice of forwardmoving kinematics in the IMF. Details of the framework and complete derivations follow in Appendix A.
We consider splitting functions for p → MB fluctuations for the spin transitions , with the specific states listed in Table I 
where for ease of notation we have used for the coupling constant g → g DBN and for the DB invariant mass s → s DB . The isospin transition factor T B is given by
where the third component of the isospin of the charmed baryon is t B = 0 for B = Λ (16) logarithmically divergent. A simple way to regulate this divergence is with a form factor F (s), which acts to suppress the ultraviolet contributions. A convenient way to parametrize this regularizing form factor is using an exponential function of s,
which has the merit of possessing simple normalization properties on-shell, although multi- 
, the splitting function is given by
with g → g DB * N and s → s DB * . The isospin transition factor T B * here is similar to that in Eq. (17) 
A. Constraints from inclusive charmed hadron production
To calculate the contributions of the various charmed mesons and baryons listed in Table I requires the couplings of these states to the proton. In this analysis we take the coupling constants from boson-exchange models that were originally applied to pion-nucleon interactions [50] , and later generalized to KN scattering [51] . In the extension to the strange sector, the relevant couplings are taken from non-strange analyses with SU(3) arguments used to incorporate the corresponding strange particles. The off-shell behavior of the amplitudes is typically regulated by a multipole form factor of the type [40] for the spin-1/2 charmed baryons Λ c and Σ c , and by extending the SU(3) sector analysis of Ref. [52] for the spin-3/2 Σ * c states.
where t is the usual Mandelstam variable for the squared momentum transfer of the exchanged meson with mass m M . A monopole form factor (n = 1) is generally used for lowspin states, while for higher-spin states a dipole form factor (n = 2) is typically employed to damp the higher powers of momentum that enter into the transition amplitudes.
The extension of meson-baryon couplings from the non-strange to the strange sector has generally been quite successful phenomenologically. Continuing this program further to the charm sector, Haidenbauer et al. [38] [39] [40] used SU(4) symmetry arguments to describe exclusive charmed hadron production inDN and DN scattering within a one-boson-exchange framework. We fix the couplings for the spin-1/2 charmed baryons Λ c and Σ c to those found in Ref. [40] , as summarized in Table II . For the couplings to spin-3/2 states Σ * c , we take the couplings from those obtained for the analogous strange states by Holzenkamp et al. [52] .
The signs of the couplings are related to the value of the πNN coupling, for which we use
The remaining parameters of the model are the form factor cutoffs, Λ, which could in principle be constrained for the various meson-baryon vertices by data from exclusive or inclusive charmed baryon production. In practice, such data are rather limited, and the most direct constraints come from inclusive Λ c production in proton-proton scattering, pp → Λ c X, measured by the R680 Collaboration at the ISR [41] . Since it is currently not possible to constrain the cutoffs for the individual charmed meson-baryon configurations,
we assume a universal exponential form factor cutoff as in Eq. (18) for all the fluctuations listed in Table II , and tune Λ to best reproduce the shape and normalization of the inclusive Λ c production cross section data. This will place an upper bound on Λ and the magnitude of the charmed meson-baryon contribution in the MBM.
Within the same one-boson exchange framework as adopted in the DN andDN scattering analyses [38] [39] [40] , the contribution from charmed meson exchange to the differential cross section for inclusive baryon production in pp scattering can be written [45] 
where E is the energy of the proton beam, and the sum over M includes incoherent contri- 
Note that in Ref. [53] this cross section is defined with an additional factor (π/ȳ) on the right hand side. For the total charmed meson-proton cross section σ M p tot we take a constant value, as suggested by the analysis of pion-nucleon scattering [45] , where σ πp tot ≈ σ ρp tot . Adopting a similar approach to the strange and charmed meson cross sections, we have
where the value of theKp total cross section is taken from Ref. [54] , and we assign a conservative 50% uncertainty on the central value.
Using Eqs. (25) and (26), the calculated cross section is shown in Fig. 2 (a) at the kinematics of the Λ + c production data from the R608 Collaboration [41] at the ISR. The kinematical coverage of the ISR data was restricted to k ⊥ ≤ 1.1 GeV, which we impose in the computed cross section. For the central value of the Dp total cross section, σ Dp tot = 20 mb, the best fit value of the cutoff parameter is found to be Λ = (2.89 ± 0.04) GeV, which gives a good fit to both the overall normalization and the shape of the inclusive Λ to a Λ + c , using the relevant branching ratios for the decays. With the coupling constants from Table II , we find that the dominant contribution to inclusive Λ c production arises from the stateD * 0 Λ + c . This is in contrast to earlier analyses, where the largest contribution was assumed to be from the lowest-energyD 0 Λ + c state. As we discuss below, this will have significant ramifications for intrinsic charm production in electromagnetic reactions.
Note also that the original data from Ref. [41] were recorded in terms of the variable
√ s, which in general differs from the momentum fractionȳ that scales the calculations of the MBM. It can be shown, however, that at high energies (i.e.,
More recently the SELEX Collaboration at Fermilab [42] has produced data on the charge asymmetry for inclusive Λ + c andΛ − c production in the scattering of 540 GeV protons from copper and carbon targets,
In Eq. (29a) the factor σ 0 corresponds to the total meson-proton cross section in Eq. (25), which we take to be independent of the flavor and spin of the meson, as in Eq. (26), whilē σ 0 is a normalization parameter for the correspondingΛ c production cross section. Using
Eqs. (29) , the asymmetry in Eq. (27) can then be written
where α =σ 0 /σ 0 is the ratio of the sea to valence contributions to the Λ c cross sections.
ForΛ c production induced by Σ − beams, the SELEX Collaboration found for the exponent n ≈ 6.8, which we assume also for the x F dependence of the proton induced cross section in Eq. (29b). Using the MBM cutoff parameter Λ = (3.0 ± 0.2) GeV, a good fit to the SELEX charge asymmetry data can then be obtained with α ≈ 2.0%, as illustrated in Fig. 2(b) . We should note, however, that Λ c charge asymmetry data are rather sensitive to the form of theΛ c cross section, so that agreement with the SELEX data should not be considered as a stringent test of the MBM; rather, with an appropriate choice of parameter α the model is able to accommodate the empirical results.
Having constrained the scale parameter for the meson-baryon form factor by the inclusive Λ c production data, and with the coupling constants for the various meson-baryon states given in Table II , we are now able to compute the meson-baryon splitting functions in Eq. (10), which we consider in the following section. To explore further the origin of the dominance of theD * 0 Λ + c contribution, we note the relatively strong coupling to the vector meson state, particularly for the tensor coupling term, as seen in Table II , where the tensor to vector coupling ratio is f D * ΛcN /g D * ΛcN = 3.26 [38] [39] [40] . This is analogous to the large tensor coupling for the ρ meson in one-boson exchange models of the NN interaction [50] , where in the Bonn-Jülich model, for instance, one has an even larger tensor/vector ratio, f ρN N /g ρN N = 6.1 [55] . The individual vector, tensor, and vector-tensor interference contributions to the fD * 0 Λ + c splitting function are shown in Fig. 4 , for the universal Λ = 3 GeV exponential cutoff as in Fig. 3 . Using the charm couplings from Table II, the tensor contribution clearly dominates over the vector term. This feature is preserved even if one uses the SU(2) couplings from the ρ exchange in the NN analysis instead of the SU(4) couplings [38] [39] [40] (but with the same charm hadron masses).
In particular, since the SU(4) vector coupling g 2 D * ΛcN /4π = 2.53 is around 5 times larger than that found for the ρ from NN analyses, g 2 ρN N /4π = 0.55 [55] , the vector contribution to the charm splitting function is significantly larger than for the SU (2) . Had we found a significantly softer cutoff Λ ∼ 1 GeV, the pseudoscalar contribution would have dominated, although for such values the total charm contribution would be negligible.
Since only a single charmed baryon production cross section was available to constrain the charm splitting functions, only a single parameter Λ could be determined. The existence of data for various charmed channels, on the other hand, would allow the cutoffs to be can use data from measurements of the pion structure function [56, 57] . There is even some empirical information on the kaon structure function from the Drell-Yan reaction [58] , which has been utilized in calculations of strange quark distributions in the nucleon [59, 60] . In contrast, nothing at all is known about the partonic structure of charmed hadrons, so that in practice these need to be modelled.
In the literature estimates of the distributions of heavy quarks in heavy hadrons have been made using the heavy quark limit [15] , and within a scalar constituent quark model 
where the integration is over the transverse momentumk 2 ⊥ of the interacting heavy quark, and z is the Bjorken scaling variable of the heavy quark inside the charmed hadron. The total invariant mass squared of thecq pair is defined [see also Eq. (7)] for the corresponding invariant mass of the meson-baryon system) aŝ
where mc is the constituent anticharm quark mass, m q is the mass of the (light) spectator quark, and N D is the overall normalization factor determined by the valence normalization condition,
For point particles, the ultraviolet behavior of thek 2 ⊥ integration would be logarithmically divergent for thec D (z) distribution in Eq. (31) . The divergence can be regulated by defining the vertex function G(ŝ) to suppress contributions from large parton momenta. Following Sec. IV, we can use, for example, an exponential functional dependence onŝ,
withΛ serving the role of a corresponding momentum cutoff on the partonic quark-antiquark system.
At low momenta, on the other hand, a mass singularity can arise in the energy denomi- 
In our numerical analysis we fix the effective charm mass to be m ef c = 1.75 GeV and the light constituent quark mass m eff q = M/3 = 0.31 GeV, similar to that used in Ref. [21] , which is sufficient to remove the propagator singularity.
An alternative method to avoid the pole is to utilize a form factor that simulates confinement by directly cancelling the singular denominator, similar to that advocated in Ref. [48] .
A form that satisfies this is
An attractive feature of this form of the vertex function is that it permits any values of the quark masses to be used, allowing the partons to be confined without the need for ad hoc constraints to avoid singularities through judicious choice of effective quark masses. Eq. (19) . To reduce the number of free parameters in the calculation, we make the simplifying assumption that the D * -quark-antiquark coupling is governed by a purely vector interaction, γ α G(ŝ). In this case the distribution of ac quark in the D * meson is given bȳ
where the normalization factor N D * is again determined by the valence quark number conservation condition in Eq. Eqs. (34) and (35) D is minimized at a unique value of z, resulting in the stronglypeaked shapes observed in the effective mass model. In the confining model, on the other hand, the energy denominator responsible for this z dependence is suppressed directly such that the resulting distribution shapes no longer possess pronounced maxima. In the effective charm model, however, the closer the energy denominator approaches its pole value, the more "singular" the behavior at the distribution maximum; as such, if we fix the charm and spectator masses according to Eq. (35), the energy denominator approaches the zero pole for heavier hadron masses, producing the more sharply peaked distributions seen in Fig. 6(a) .
B. Charm in charmed baryons
The calculation of the charm quark distributions in charmed baryons proceeds in similar fashion to that for the D and D * mesons, but is more involved since the spectator system consists of two (or more) particles. In practice, however, one can simplify the calculation by treating the spectatorsystem as an effective "diquark" with a fixed mass m. For spin-1/2 charmed baryons, in general the spectator diquark state can have either spin 0 or spin 1, with corresponding scalar and pseudovector vertex functions describing the momentum dependence. The spin of the spectator diquark can affect the spin and flavor dependence of the associated parton distribution; for example, the suppression of the d/u ratio in the proton at large x is usually attributed to a higher energy of the spin-1 diquark in the proton compared with the spin-0 diquark [15, 61] . Since here we are concerned with the total effect on the charm quark distribution, rather than the flavor dependence, it will be sufficient to consider only the leading contribution arising from the scalar spectators, for which we take an effective mass of m= 1 GeV.
The charm quark distribution in a spin-1/2 charmed baryon B (B = Λ c or Σ c ) with a scalarspectator is then given by
where for the charm quark mass we take m c = mc, and the invariant mass squared of the quark-diquark system here is defined aŝ
The functional form of the B-c-qq vertex function G(ŝ) is taken to be the same as for the D-c-q function in the models of Eqs. (34) and (36) , and the normalization constant N B determined from an analogous valence charm quark number condition to that in Eq. (33),
Note that for the Σ ++ c baryon, the uu spectator diquark has spin 1, so that the calculation of its c quark distribution here is approximated by neglecting the diquark's spin structure.
While it is straightforward to include both spin-0 and spin-1 diquark contributions, in anal- Appendix B), the charm quark distribution in the Σ * c is given by
in whichp is the momentum of the spectator diquark qq,
The resulting c quark distributions in the spin-1/2 and spin-3/2 charmed baryons are illustrated in Fig. 7 , using the same numerical values for the masses and cutoffs as in thē Summing over all the contributions listed in Fig. 1 , the total xc and xc distributions are shown in Fig. 9 , at the input scale Q 2 = m 2 c and evolved to Q 2 = 50 GeV 2 (which is typical for charm structure function measurements). Note that the dominantD * 0 Λ + c contribution accounts for nearly 70% of the total. A unique feature of the MBM which is evident in Fig. 9 is the fact thatc distribution is clearly harder than the c distribution. This is true for every meson-baryon configuration in the MBM, and simply reflects the fact that the charm quark represents a larger fraction of the total mass of the meson than of the baryon. Since the peak in the charm distribution in a hadron is related to the fraction of the hadron mass carried by the charm quark, the resulting distribution ofc in theD meson will typically be harder than that for the c in the Λ c . While it is possible to make the intrinsic c distribution as hard as thec distribution in a convolution model, this requires rather unnatural parton distributions inside the baryon and meson states.
To quantify the magnitude of the nonperturbative charm in the nucleon, we can compute the total proton momentum carried by charm and anticharm quarks,
where the moments C (1) and C (1) are defined in Eqs. (11) . For the confining model distributions in the charmed mesons and baryons, the momentum fraction at the input model scale (which is naturally of the order of the charm quark mass) is found to be P c = 1.34
+1.35
−0.75 % for the cutoff mass parameter Λ = (3.0 ± 0.2) GeV obtained from the inclusive Λ c production data, Sec. IV A. Again we note that these first moments differ numerically from the charm multiplicities mentioned in Sec. IV B, where we found n The momentum imbalance of anticharm quarks compared to charm can be estimated from the ratio of the difference ∆P c to the sum P c , for which we find ∆P c /P c ≈ −10%. As a function of x, however, the imbalance is not uniformly distributed. Defining the ratio
from Fig. 9(b) we observe that the relative asymmetry can exceed 50% at large values of x (x 0.5). The Q 2 dependence of the ratio indicates relatively mild effects over the large In a more simplified approach, the c andc distributions inside the charmed hadrons were approximated in Ref. [15] by δ functions centered at the x values corresponding to the fraction of the hadron mass carried by the constituent charm or anticharm quark,
From Eqs. (8), the charm and anticharm distributions in the nuclear are then given directly as sums over the various meson-baryon splitting functions, was utilized [15] . In a somewhat more sophisticated approach, one can choose x M and x B to minimize theŝ-dependent energy denominator, which depends on the combination 
For the best fit form factor cutoff mass Λ = 3 GeV, the momentum carried by charm in this δ function approximation model is P c = 1.66%, which is slightly greater than in the MBM confining or effective mass models.
In Fig. 10 This feature may be exploited in simplified calculations that seek only approximate feature of nonperturbative charm distributions.
A similar model to the MBM was constructed by Pumplin [21] , based on the couplings of scalar mesons and baryons. The dominant meson-baryon contribution was assumed to be from theD 0 Λ + c state, and described by Eq. (3) with N = 2 and an exponential form factor (4) with Λ p = 4 GeV. The c PDF in the Λ c was taken from Eq. (3) with N = 3 and a dipole form factor with Λ Λc = 2 GeV, while thec PDF inD was obtained assuming N = 2 and a dipole form factor with Λ D = 2 GeV. The magnitude of the resulting charm distributions in the nucleon was normalized so that the momentum carried by charm and anticharm quarks was identical, with their sum equal to the momentum carried by charm in the BHPS model with 1% probability, P c = 0.57%. A feature of this model is that the requirement that the momentum carried by c andc quarks to be identical implies a nonzero net charm in the proton,
The resulting charm distribution in the nucleon in the scalar meson cloud model [21] is found to be similar in shape to that in the MBM with the confining vertex function, as for the anticharm distributions, except that the MBM results with confining form factor are slightly harder than the BHPS results.
Having explored the model dependence of the total intrinsic c andc distributions in the nucleon, we can now directly confront the results with measurements of the charm structure function, F c 2 . This will provide additional constraints on the model parameters, complementing those of the inclusive Λ c production in pp scattering discussed in Sec. IV A.
C. Charm structure function
The calculations of intrinsic charm in this analysis are normalized to inclusive charm production data in pp collisions, as discussed in Sec. IV A. The results can also be confronted with data on the charm structure function F c 2 obtained from measurements of charm production cross sections in deep-inelastic lepton scattering. In comparing with experimental measurements of F c 2 , in addition to intrinsic charm arising from nonperturbative fluctuations of the nucleon into states with 5 or more quarks, one must also consider the "extrinsic" charm arising from gluon radiation to cc pairs, which is described by perturbative QCD evolution.
To lowest order in the strong coupling constant α s , the charm structure function is straightforwardly related to the c andc parton distributions in the nucleon,
When combining the two charm contributions, it is necessary to assign a scale Q 2 0 at which the nonperturbative charm is generated, and then evolve this, together with the perturbative component, to a common Q 2 for comparison with experiment. While the absolute scale of the intrinsic contribution is a characteristic ingredient of the model (in our case, the MBM), it is customary to set this to the effective charm quark mass,
The calculated charm structure function F c 2 (x, Q 2 ) is shown in Fig. 12 for three different average Q 2 values ranging from 25 GeV 2 to 60 GeV 2 , compared with data from the H1 [25] and ZEUS [26] Collaborations at HERA and with higher-x data from EMC [24] . The extrinsic charm distribution is obtained from the CTEQ6.5 parametrization [62] , where it is generated perturbatively through QCD evolution. The nonperturbative contribution to F production data (see Fig. 2 ).
In an earlier study [22] , Pumplin, Lai and Tung carried out a global fit to high-energy data with phenomenological PDFs including an intrinsic charm term at the starting scale Q 0 = m c . Using several different phenomenological forms for the intrinsic charm (including the BHPS model, Eq. (2), the scalar MBM discussed in Sec. VI B, and a "sea-like" charm model), the magnitude of the charm contribution was varied until a substantial increase in the χ 2 was found with the set of global high-energy data. The analysis found that the global fits could accommodate charm momentum fractions of P c ≈ 2% in the BHPS and scalar MBM models and P c ≈ 2.5% in the sea-like model at the 90% confidence level, which are significantly larger than the constraints from the EMC F c 2 data, and at the upper boundary of the range allowed by the ISR R608 Λ + c production data. The more recent update [23] that includes NNLO corrections finds P c ≤ 1.5% for the sea-like model and P c ≤ 2.5% for the BHPS model at the scale Q 0 .
We should note, however, that while the analysis in Ref. [22] fitted the precision low-x charm structure function data from H1 and ZEUS, it did not include the EMC F c 2 data at large x, which it is likely would have resulted in tighter constraints on the magnitude of the intrinsic charm. In a future study [64] , we plan to perform a dedicated global analysis of all high-energy data, including the EMC measurements of F [24] , where the intrinsic charm is predicted to be most significant (x 0.1), places tighter limits on the size of the momentum cutoff Λ in the MBM. This suggests that the amount of intrinsic charm needed to describe the inclusive pp data would lead to an overestimate of the DIS charm cross sections, although the F c 2 data themselves are somewhat inconclusive, with some data points indicating an excess over the perturbative QCD expectations and others consistent with no intrinsic charm at all. At the very least, the large-x F c 2 results illustrate the potential value of such data, and it is hoped that future measurements, such as at the proposed Electron-Ion Collider [34] [35] [36] , will clarify the situation.
Other possibilities for identifying intrinsic charm experimentally include the measurement of W and Z cross sections at the LHC [65] , where in the case of W production, up to 1/3 of the cross sections at √ s = 7 TeV and as much as 40% at √ s = 14 TeV can arise through charm production. However, although charm plays a significant role in these reactions, the dominant charm contributions occur at low rapidity where perturbative charm is expected to dominate. Alternatively, photon plus charm jet production at LHC energies, and in particular the transverse momentum distribution of prompt photons, has been identified [66] as potentially sensitive to intrinsic charm.
Another promising set of observables to study is charge asymmetries in the production of charmed hadrons such as
as well as virtual photon probes in deep-inelastic lepton scattering. Particularly useful are comparisons of cross sections involving different incident beams, which in principle are sensitive to the so-called leading-particle effect [13] , which involves a strong correlation between the quantum numbers of the produced charmed hadron and the beam hadron(s). , and it will be necessary to disentangle these processes from any preexisting charm in the initial state. However, any confirmation of an asymmetry between c andc distributions in the nucleon at large x would provide an unambiguous signature of intrinsic charm, beyond anything that could be generated from perturbative QCD. 
where q is the four-momentum of the external electromagnetic field, and we define g µν = −g µν +q µ q ν /q 2 , and P µ = P µ −P ·µ /q 2 . Evaluating the one-loop diagram for the scattering from the meson M gives
where y is the longitudinal momentum fraction carried by the meson, F (s) is the MBN hadronic factor, with the invariant mass squared of the MB system s defined in Eq. 
for the energies, and
for the three-momenta, with k ⊥ ·P = 0. In the non-vanishing forward limit one has y ∈ [0, 1], 
where ψ N and ψ B are the nucleon and charmed baryon fields, respectively, φ D is the spin-0 D meson field, and the coupling constant g → g DBN . Treating the propagation of the meson and baryon fields as appropriate for point particles, the trace factor N DB µν can be written as
where W Eqs. (13) and (14) .
For the interaction between the nucleon and spin-1/2 baryon with a vector D * meson, the effective Lagrangian is given by [40] is given by
where ∆ = P − p, and the kinematical factors G v , G vt and G t are given in Eqs. (20 
where Ψ µ B * is the Rarita-Schwinger spinor-vector field, and the coupling f → f DB * N . From Eq. (A10) the trace factor tensor can be written
where the energy projector for the spinor-vector is
The inner products in Eq. (A11) can once again be obtained from Eqs. (A3) and (A4) with B → B * , which leads directly to the splitting function in Eq. (21) .
Finally, for the nucleon splitting to a spin-3/2 charmed baryon B * coupled to a vector meson D * the effective hadronic Lagrangian is given by [40] 
where f → f D * B * N . This yields the resulting trace tensor
where we define
and ∆ αβ ≡ ∆ α ∆ β , and the other expressions are defined above. Evaluating the trace in Eq. (A14) and equating coefficients of the g µν terms then leads to the convolution relation with the splitting function in Eq. (22) . 
where ψ q and ψc are the quark q andc fields, and the effective coupling constant is g → gc qD .
The contribution to the hadronic tensor of the D meson from scattering off thec quark with a spectator light quark q can be written in analogy with Eq. (A2) for the hadronic calculation, The trace factor Tc q can be computed from the quark-level "handbag" diagram, yielding
which follows from the on-mass-shell condition in time-ordered perturbation theory,k 2 = m 
giving the net result for the charm quark distribution inside a spin-1/2 baryon in Eq. (38) .
For the charm density of the spin-3/2 B * baryons the following Lagrangian is adopted, 
After re-indexing, G αβα ′ β ′ is given by Eq. (A14), the exchange boson carries the fourmomentum∆ = P −k, and the metric tensor of the massive, spin-1 diquark is g µν = −g µν + P µ P ν /m 
with x B and x M given by Eq. (47).
For convenience, we give the parameters for the PDFs normalized to C (0) , which can be varied within each model according to preference. Although the actual normalization C
in the MBM is modified through the form factor cutoff Λ, which affects also the shape of the resulting distribution, in practice the change in the shape parameters over the range 2.8 Λ 3.2 GeV is small. The parameters in Table III are given for the central fit value Λ = 3.0 GeV, determined from the inclusive Λ + c production data in pp scattering, for which the normalization is C (0) = 2.4%. The parametrization may be extended to smaller values of the cutoff, Λ ≈ 2.5 GeV, for qualitative comparisons, although the changes in shape begin to become more appreciable as one moves away from the above range.
